THE GLOBAL EPIDEMIC OF OBESITY, and associated diseases, is having a major impact on human morbidity, mortality, and quality of life, and it is a major drain on health care resources (27, 50) . Only recently has there been a focus on childhood obesity, a phenomenon rising in alarming proportions in both developed and developing countries. It is well known that overweight children tend to become overweight adults, making obesity a perdurable problem that is very difficult to treat. Because early interventions may be more successful in avoiding or improving eventual outcomes (1, 5, 6, 25a, 37, 48) , we have attempted, using an animal model, to identify critical time points in the development of several obesity parameters observed during childhood and adolescence that may help identify the disorder before it becomes a health threat.
The prevalence of obesity and overweight in women is consistently higher than in men in many countries around the world (20, 24, 25a) . Moreover, it has been suggested that there are sex-specific responses of body fat and weight during periods of energy imbalance (10) . For example, female rats that regularly exercise usually continue to gain weight at approximately the same rates as sedentary controls (1) and show an increase in food intake to compensate for the energy expenditure (37) . In contrast, males typically experience substantial weight loss and intake decreases with regular exercise (9, 34, 37) . There is also a sexually dimorphic response in feeding and appetite-associated hormonal responses to food restriction. Females seem to deal more successfully with energy deficits; because they defend their body weight in a more efficient way than males in response to these challenges (14, 18, 37) . While females throughout evolution may have benefited from their greater capacity to store fats (to maintain their reproductive capacity), the eating habits of modern times (high-energy food) may make females more vulnerable to the negative health consequences of overeating and obesity.
The Otsuka Long-Evans Tokushima Fatty (OLETF) rat lacks the CCK 1 receptor due to a spontaneous genetic mutation and represents a broadly established model of non-insulindependent diabetes mellitus (NIDDM) (29, 30) and hyperphagia-induced obesity (35) . CCK is a brain-gut peptide that acts as a peripheral satiety signal (48, 54) and elicits the earlier appearance of the behavioral satiety sequence (21) . The development of obesity in this strain is secondary to their hyperphagia (35) . Eventually, their chronic overeating induces OLETF males and females to become obese. In parallel, the acquisition of large amounts of body fat might cause the dysregulation of further systems [such as the leptin resistance that OLETF males develop around the age of 8 wk (38) ] that may, in turn, worsen the problem. Adult OLETF males are hyperphagic, obese, hyperleptinemic, hyperglycemic, and develop NIDDM late in life (35, 38) . When exposed to a high-fat diet, the mean body weight of adult male Long-Evans Tokushima Otsuka (LETO) and female OLETF rats increased at a similar rate to that of male OLETF rats, while female LETO rats did not show increased body weight (26) .
It has been suggested that hyperphagia in OLETF rats results from different regulatory deficits (35) . The first is the absence of vagal CCK 1 receptors and as a consequence, the loss of the short-term satiety signal that should limit meal size. One further deficit contributing to the OLETF's hyperphagia may also be the increased orosensory stimulation associated with dopaminergic deficits (16) . Another deficit results from the absence of dorsomedial hypothalamus (DMH) CCK 1 receptors, which results in the loss of their inhibitory influence on DMH neuropeptide Y (NPY) expression. The lack of inhibition causes NPY upregulation in the DMH and prevents the obese males from compensating for their overall increased meal size. Adult OLETF males presented upregulation in arcuate nucleus (ARC), proopiomelanocortin (POMC), while young OLETF males presented upregulation of DMH NPY (7) . Thus a role for NPY overexpression in the dorsomedial hypothalamus in hyperphagia and obesity of OLETF rats has been suggested, but the full developmental patterns of hypothalamic gene expression in the OLETF rat have not been reported.
The OLETF rat obesity profile shares many features found in human obesity. These rats do not have a primary deficit in leptin signaling; they only develop leptin and insulin resistance as the disease progresses (29, 30, 38) . As in humans, they are susceptible to diet-induced obesity, because when giving them access to a high-fat diet, their otherwise moderate obesity becomes morbid (6) . They have also been demonstrated to have increased relative preferences for palatable diets (22) , and unlike other rodent obesity models, the OLETF males develop type II diabetes as they become obese (30) and can be normalized under food restriction (7), making them a particularly relevant model. Thus, although the specific deficit that initiates the cascade for obesity development is specific to the OLETF rat, the manifestations of that deficit that results in obesity are very similar to those found both in other rodent models and in human obesity. Moreover, although the primary deficit is in the CCK 1 receptor, its absence has consequences on multiple systems through development resulting in a variety of molecular and physiological outcomes. The current study adds to the overall understanding of interactions in development that can produce an obese phenotype and how the obesity feeds back on neural pathways.
Previous studies of young OLETF males and females have shown that specific preobese characteristics can be observed as early as postnatal day (PND) 1 (12, 44 -47) . Briefly, OLETF males and females are heavier from birth (47) , hyperphagic in independent ingestion tests as early as PND 2 (12) , consume more milk during the nursing episodes (45) , initiate more nursing bouts (44) , and present increased % body fat, larger adipocytes, and increased waist circumference as early as PND 7 compared with LETO controls (46) . Altogether, these developmental findings have led us to conclude that obesity in this strain starts developing very early in life (maybe even during gestation), as a result of life-long abnormalities in eating behavior.
In continuation to our previous studies, in which we focused on postnatal preobese characteristics of pups genetically predisposed to become obese, the present study was intended to identify time windows during postweaning development, when the obesity becomes more explicit and turning points can be clearly observed through examination of different obesity parameters. Finding such critical time windows may allow targeting future interventions to those sensitive periods, with the hope that they will be more successful in preventing or moderating the disease in the long term. Another focus of interest in the present study was the characterization of patterns of hypothalamic gene expression in the OLETF male rats from PND 7 to adulthood.
MATERIALS AND METHODS

Subjects
OLETF and LETO males and females were raised in the specific pathogen-free facility of the Gonda Brain Research Center at Bar-Ilan University, Ramat-Gan, Israel. The progenitor rats were received as a generous gift from the Tokushima Research Institute, Tokushima, Japan. OLETF and LETO offspring were housed together with their dams and litters until weaning and then in pairs from weaning and on. Polycarbonate cages (18.5 cm height ϫ 26.5 cm width ϫ 43 cm length) were used, with stainless steel wire lids and wood shavings as bedding material. Food (2018S Teklad Global, 5% fat) and water were freely available. The animals were on a 12:12-h light-dark cycle, with lights on at 6:00 AM. Room temperature was maintained at 22 Ϯ 2°C. Newborn litters were culled to 10 pups (minimum 7), with sex distribution kept as equal as possible in each litter. The research protocol was approved by the Institutional Animal Care and Use Committee, and it adhered to Institutional and National regulations and to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Body Weight and Intake
Rats were weighed every 5th day from weaning on PND 22-23 until PND 90 (males) or 120 (females). Intake was assessed daily from pairs of rats starting at the time of weaning (PND 22) between 10 and 12 h. On PND 22, 90, and 120 (only females), the body mass index [BMI ϭ body weight in grams/(body length in cm
2 )] and waist circumference (WC) were also examined as further obesity parameters. Feeding efficiency was calculated (5-day body weight gain/5-day intake in grams) to assess possible metabolic deficiencies.
Tissue Collection
Five death time points for the males and six for the females were chosen throughout development to sufficiently characterize their development toward obesity. The period from PNDs 22 to 23 was chosen to characterize the weaning period. The time between PND 30 and PND 40 has repeatedly been reported as a developmental period during which no phenotypic differences could be observed between the strains (in males) (8, 9, 36) . In previous studies, we did find differences in body weight between the strains in both sexes at this age (47) , but only after expanding the number of subjects. It seems that during this period of time, both strains become phenotypically closer, and it was, therefore, of great interest to explore the relevant physiology beneath this (PND 38 and PND 48). PND 65 and PND 90 represent early and midadulthood. We did not distinguish any explicit obesity turning points in the females until PND 90, but the increase in adiposity-related parameters at this last PND age suggested a late turning point in the obese strain. Therefore, a longer follow-up was performed, by delaying time of death until PND 120 in the females. On the experimental days, rats were weighed and euthanized between 11:00 AM and 2:00 PM. Interscapular brown adipose tissue (BAT), retroperitoneal, inguinal (IAT), and epydidimal (EPY, only males) adipose tissues were collected from decapitated animals, weighed, and immediately frozen on dry ice. The calculation of total white fat percentage included only the inguinal and retroperitoneal fat pads, to allow a valid comparison between males and females. Samples were preserved at Ϫ80°C until analyzed. The inguinal and retroperitoneal fat pads were chosen as representative of subcutaneous and visceral fat. BAT was studied not only as a fat pad that can be implicated in obesity, but because, in principle, shifts in BAT may underpin different tendencies toward the progression of obesity via changes in thermogenesis. Glucose was assessed from trunk blood immediately after decapitation by a glucometer (Accu-check active, Roche, Germany). Trunk blood for leptin and oxytocin analysis was collected in chilled heparinized Vacutainer tubes coated with EDTA. Plasma was stored at Ϫ80°C until assayed.
Plasma Measurements
Plasma leptin and oxytocin levels were assessed using commercial ELISA kits (R&D Systems, Minneapolis, MN), according to the manufacturer's instructions.
Histology
Samples of the IAT were used to characterize adipocyte cell size. Tissues were sectioned to 8 m on a Cryostat (Leyca) at Ϫ35°C and mounted on glass slides. Digital photographs were taken using the ACT1 program, at ϫ200 magnification. For each inguinal fat pad examined, 10 -20 pictures were taken from three different zones of the sample, with at least 100-m distance between samples. Adipocyte size parameters were derived from 3 to 6 representative cells from each picture, using the public domain National Institutes of Health Scion image program. For each animal, at least 50 cells were analyzed. Representative cells chosen presented a smooth and clear membrane, without surrounding granulations. A similar methodological approach was described elsewhere (31, 57) . The estimated number of cells per fat pad was calculated using the average diameter, a density conversion factor (0.915 g/cc), and the mass of the fat pads, as previously described (3, 32) .
Estrous Cycle
The estrous cycle of 50-to 80-day-old females was examined daily in the morning. Vaginal cytology samples were collected by introduction and immediate extraction of a small amount of phosphate buffer with a micropipette in the rat's vagina. The stage of the estrous cycle (diestrous 1 or metaestrous, diestrous 2, pro-estrous, or estrous) was determined by examining the appearance and abundance of cells within the vaginal cytology samples. Metaestrous was characterized by leukocytes and clusters of cornified cells; diestrous 2 was characterized by leukocytes and nucleated epithelial cells; proestrous was characterized primarily by nucleated epithelial cells; and estrous was characterized by an abundance of cornified cells. In 5-day cycles, either diestrous 2 or estrous appeared twice. This study was performed on a separate set of animals, to avoid exposing the experimental females to different conditions than the males. Females were maintained under a reversed light-dark cycle. Two to six cycles were analyzed per female, the age of the first estrous was recorded, and food intake was also assessed across the different stages of the estrous cycle.
In Situ Hybridization Determination of Hypothalamic Neuropeptide Gene Expression
In situ hybridization determination was conducted, as preciously described (7, 9) . Briefly, coronal sections (14 m) were cut via a cryostat, mounted on superfrost/plus slides (Fisher Scientific, Fair Lawn, NJ) in a 1:6 series (1:5 series for postnatal days 7 and 15), and even six series of slides per brain (five series for postnatal days 7 and 15) were collected. Sections were fixed with 4% paraformaldehyde and stored at Ϫ80°C for later in situ hybridization determination. One series of slides was stained with cresyl violet acetate for allowing sections to be anatomically matched among animals. Sections at levels over the compact subregions of the DMH were taken for determinations of ARC NPY, ARC, POMC, and DMH NPY mRNA expression levels, and sections at levels of the paraventricular nucleus (PVN) were taken for determination of PVN CRF mRNA levels. 35 S-labeled antisense riboprobes of NPY, POMC, or CRF were transcribed from rat NPY precursor cDNA, mouse full-length POMC cDNA, or rat CRF precursor cDNA, respectively, by using in vitro transcription systems (Promega, Madison, WI) and purified by Quick Spin RNA columns (Roche, Indianapolis, IN). Frozen tissue sections were allowed to warm to room temperature, treated with acetic anhydride, and incubated in hybridization buffer containing 50% formamide, 0.3 m NaCl, 10 mm Tris/Cl (pH 8.0), 1 mm EDTA (pH 8.0), 1 ϫ Denhardt's solution (Eppendorf, Netheler, Germany), 10% dextran sulfate, 10 mm dithiothreitol, 500 g/ml yeast tRNA, and 6 -8 ϫ 10 7 cpm/ml of 35 S-uridine 5-triphosphate at 55°C overnight. After hybridization, sections were washed three times with 2ϫ saline sodium citrate (SSC), treated with 20 g/ml RNase A (Sigma, St. Louis, MO) at 37°C for 30 min, and then rinsed in 2ϫ SSC twice at 55°C and washed twice in 0.1ϫ SSC at 55°C for 15 min. Slides were dehydrated in gradient ethanol, air-dried, and exposed with BMR-2 film (Kodak, Rochester, NY) for 1-3 days to obtain the linear range of the autoradiographs for the semiquantification of mRNA levels. All quantification was done from films on which the signals were below saturation levels.
Quantitative analysis of the in situ hybridization was done with National Institutes of Health Scion image software (Bethesda, MD). Autoradiographic images were first scanned on a professional scanner (Epson, Long Beach, CA) and saved in a computer for subsequent analyses with Scion image program using autoradiographic 14 C microscales (Amersham, Piscataway, NJ) as a standard. Data for each animal represented a mean of the product of hybridization area ϫ density (background density was subtracted) obtained from four to six sections and was normalized to an average of LETO controls at age of 65 days as 100%. Data from each group were presented as means Ϯ SE.
Statistical Approach
Data were analyzed by repeated-measures 3-way ANOVA with strain and sex as independent variables and age as the repeated measure. Significant interactions were followed by one-way ANOVAs comparing all four groups (male and female OLETF and LETO) at each age separately, followed by post hoc Duncan's multiple range tests (P Ͻ 0.05). Developmental trends were examined post hoc, by repeatedmeasures ANOVA over the ages performed separately in each group, or comparing trends of groups of interest. Post hoc Duncan's multiple range tests between age groups further allowed us to determine within-group developmental turning points on the different measures. The determination of these turning points was thus by a statistical criterion-a significant increase/decrease from one age to the next, within groups, according to Duncan's multiple range test. Betweengroup comparisons of the age in which a turning point appeared were based on significant group ϫ age interaction effects. Data for NPY, POMC, and CRF mRNA expression levels were similarly examined by two-way (strain ϫ age) ANOVA, followed by Duncan's multiple range tests for developmental trends and pairwise multiple least significant difference comparisons.
RESULTS
OLETF and LETO male and female rats' weight in grams differed significantly over time, from weaning to PND 90 [F(4,203) ϭ 7.21, P Ͻ 0.001 for the strain ϫ sex ϫ age interaction effect; all main effects and two-way effects were also significant]. At all ages and within each sex (including females at PND 120), OLETF rats weighed significantly more than LETO controls (P Ͻ 0.001). In addition, the males in both strains presented significantly steeper growth curves than the females [F(4,148) ϭ 31.87, P Ͻ 0.001, interaction effect] (Fig. 1A) .
Intake in kilocalories of the OLETF and LETO male and female rats differed significantly over time, from weaning to PND 90 [F(13,25) ϭ 14.89, P Ͻ 0.001, for the strain ϫ sex ϫ age interaction effect; all main effects and 2-way effects were also significant]. At all ages and within each sex (including females at PND 120), OLETF rats ate significantly more than LETO controls (P Ͻ 0.001). In addition, OLETF males ate regularly significantly more than OLETF females starting from PND 32, and LETO males ate significantly more than LETO females starting from PND 38 (Duncan's multiple range tests, P Ͻ 0.05; Fig. 1B) .
The data on feeding efficiency, presented in Fig. 1C , demonstrated a significant 3-way interaction of strain, sex, and age [F(13,18) ϭ 3.49, P Ͻ 0.01]. As can be seen, while females of both strains showed a similar decreasing trend over time, the males of both strains showed frequent fluctuations in their feeding efficiency. Examination of group differences at each 5-day interval shows that between PND 35 and PND 70, females had significantly lower efficiency at most of the time points (Duncan's multiple range test, P Ͻ 0.05) Furthermore, focusing on the adolescent age range of PND 30 -40 (in which we did not find strain differences in many other measures) showed a significantly greater efficiency in PND 30 -35 LETO vs. OLETF rats of both sexes (P Ͻ 0.05), while on PND 40, this difference disappeared in the females and was even reversed in the males.
White Fat
The weight of the white fat pads [expressed as a percentage of the rat's body weight (BW)] was significantly affected by age, strain, and sex [F(4,165) ϭ 3.45, P Ͻ 0.01 for strain ϫ sex ϫ age interaction effect; all main effects and two-way interactions were also significant, except for strain ϫ sex]. With the exception of PND 38 (NS), at all other ages and within each sex (including females at PND 120), OLETF rats' fat pads weighed significantly more than LETO fat pads (P Ͻ 0.05). In addition, the fat pads of males weighed significantly more than those of females in both strains [F(4,165) ϭ 13.82, P Ͻ 0.001] (not shown).
Group differences in different fat pads (expressed as a percentage of BW) are presented in Fig. 2 .
Inguinal adipose tissues. OLETF rats had a greater percentage BW of fat, at all ages, compared with LETOs, in both sexes. In LETO rats, males had more IAT than females only at PND 90. In OLETF rats, females had more IAT than males at weaning. There were no significant sex differences at PND 38 and 48, while on PND 65 and 90, males had significantly larger inguinal fat pads than females (Duncan's multiple range tests P Ͻ 0.05).
Retroperitoneal fat pads. OLETF rats had larger retroperitoneal fat pads than LETOs on PND 48 (in both sexes), on PND 90 (only males), and on PND 120 (only females). On PND 22 and 65, OLETF males presented smaller retroperitoneal fat pads than OLETF females (Duncan's multiple range tests P Ͻ 0.05).
Epydidimal fat pads. OLETF males had significantly more EPY than LETO controls on PND 38, 65, and 90 (Duncan's multiple range tests P Ͻ 0.05).
Brown adipose tissues. OLETF rats had significantly less brown fat than LETOs on PND 22 (only males) and 48 (only females), and significantly more BAT on PND 90 (males and females) and 120 (females) (Duncan's multiple range tests P Ͻ 0.05). Females presented significantly more BAT than males on PND 38 in both strains and on PND 65 within the OLETF strain (P Ͻ 0.001).
Overall, the turning point at which OLETF male white fat percentage sharply increased (PND 48) was earlier than in LETO males (PND 65). In the males of both strains, fat percentage rapidly increased at an earlier turning point (PND 65) compared with the females (OLETF female's fat increased at PND 90 and even more at PND 120 and LETO females did not show a clear pattern of increase over time). In OLETF males, there was an additional (previous) catch-up growth of fat pads from PND 38 to PND 48, reaching at that point the fat levels of female OLETFs (Duncan's multiple range tests, P Ͻ 0.05). Note that regarding some fat pads at particular ages, a relatively large variance may have limited the ability to find significant differences.
Adipocyte Size and Number
In accordance with the pattern described above, mean inguinal adipocyte size changed over ontogeny differently, from weaning to PND 90, in OLETF compared with LETO rats [F(5,69) ϭ 26.134, P Ͻ 0.001], and in male compared with female rats [F(4,69) ϭ 7.40, P Ͻ 0.001; the 3-way interaction did not reach significance]. Except for PND 38 (NS) at all other ages and within each sex (including females at PND 120), OLETF rats displayed significantly larger adipocytes than LETO rats (P Ͻ 0.05). Examination of Fig. 3A further shows that the turning point at which OLETF male white fat cell size sharply increased over time (PND 48) was much earlier than the sharp increase found in LETO males (PND 90) and in OLETF females (PND 90 and even more on PND 120); LETO females did not show a clear pattern of increase over time At all ages and within each sex, OLETF rats ate significantly more than LETO controls (P Ͻ 0.001). In addition, OLETF males ate regularly significantly more than OLETF females starting from PND 32, and LETO males ate significantly more than LETO females starting from PND 38 (P Ͻ 0.05). C: OLETF and LETO rats' feeding efficiency from PND 22 to PND 90. Data are presented as means Ϯ SE. OM, OLETF male; LM, LETO male; LF, LETO female; OF, OLETF female. *P Ͻ 0.05 for the females; #P Ͻ 0.05 for the males (for strain differences at each age); n ϭ 8 -18 per group. beyond a transitory increase in cell size at the time of sexual maturation (PND 65; Duncan's multiple range tests, P Ͻ 0.05; see Fig. 3A ).
The calculation of estimated adipocyte number revealed no overall strain differences in hyperplastic trajectory. However, a significant main effect of age [F(4,63) ϭ 44.51, P Ͻ 0.001] was found, together with a sex ϫ age interaction [F(4,63) ϭ 3.87, P Ͻ 0.01]. Post hoc Duncan's multiple range tests revealed sex differences in the termination age of adipocyte hyperplasia. In the females, the turning point was on PND 48, while in the males, this process continued until PND 65 (P Ͻ 0.05) (see Fig. 3B ). From the turning points onward, cell number appeared to remain stable within all groups, in accordance with established knowledge of adipocyte development in rats (16) .
Leptin, Oxytocin, and Glucose
Increases in leptin levels from weaning to PND 90, differed by strain and sex [F(4,83) ϭ 2.54, P Ͻ 0.05 for strain ϫ sex ϫ age interaction effect; all main effects and two-way effects were also significant, with one exception: strain ϫ sex, P ϭ 0.07]. Except for females at ages PND 22 and 48, at all other ages and within each sex (including females at PND 120), OLETF rats presented significantly higher leptin levels than LETO rats (P Ͻ 0.05). Examination of Fig. 4A further shows that while the turning point at which OLETF and LETO males' showed an increase in leptin levels was similar (PND 65), the magnitude of the increase in the OLETF group was dramatically sharper, with a doubling of values from PND 65 to PND 90. In the females, while LETOs did not increase leptin levels over ontogeny, OLETF females showed a turning point at PND 65, and a doubling of values from PND 90 to PND 120 (Duncan's multiple range tests, P Ͻ 0.05).
OLETF rats displayed higher levels of oxytocin than LETO rats [F(1,81) ϭ 8.25, P Ͻ 0.01]; the age main effect was also significant [F(5,81) ϭ 6.26, P Ͻ 0.001], as well as the strain ϫ age interaction [F(5,81) ϭ 4.06, P Ͻ 0.01]. Until PND 38, no group differences were evident; on PND 48, females appeared to have higher oxytocin levels than males, but this trend was a P Ͻ 0.05 for sex differences within the OLETF strain; ϩP Ͻ 0.05 for sex differences within the LETO strain; n ϭ 7-12 per group. In all cases, animals presented a sharp increase in oxytocin levels after weaning, reaching a peak in the males on PND 38 and in the females on PND 48 (Fig. 5B) . After that, both OLETF males and females presented higher levels of oxytocin compared with LETO controls (Duncan's multiple range tests, P Ͻ 0.05).
Glucose levels were similar among both strains and sexes throughout development, with one exception: On PND 65, a significant effect was found [F(3,24) ϭ 5.49, P Ͻ 0.01], with OLETF females presenting transitory higher levels of glucose than OLETF males. Before and after that, blood glucose levels did not differ (Fig. 5C ).
BMI and Waist Circumference
OLETF rats had significantly greater mean BMI scores than LETO controls at weaning and adulthood, in both sexes (Table 1 , P Ͻ 0.05 for all between-strain comparisons). The strain difference was significantly greater on PND 90 than PND 22 [F(1,52) ϭ 12.18, P Ͻ 0.01 for the strain ϫ age interaction].
OLETF rats had significantly greater mean WC than LETO controls at weaning and adulthood, in both sexes (Table 1 , P Ͻ 0.001 for all between-strain comparisons). The strain difference was significantly greater on PND 90 than PND 22 [F(1,52) ϭ 6.82, P Ͻ 0.05 for the strain ϫ age interaction].
Estrous Cycle and Intake Decrease at Estrus
As shown in Fig. 5A , 80% of the LETO rats' cycles were 5 days long (58% with double-diestrous, 22% with double estrous) and 15% were 4-day cycles. In OLETF rats, we found a significantly different pattern ( 2 -test ϭ 59.11, df ϭ 2, P Ͻ 0.001): 39% 5-day cycles (8% with double-diestrous, 31% with double estrous), and 58% were 4-day cycles. Longer or shorter cycles were rare (5% in LETO and 3% in OLETF). The age of appearance of the first estrus was significantly earlier in the OLETF females compared with controls [PND 37.1 Ϯ 0.46 for OLETF and 39.67 Ϯ 1.05 for LETO] (P Ͻ 0.05).
Representative (most common) types of cycles were chosen for analysis of intake across the estrous cycle: 5-day double diestrous (5DD) and 5-day double estrous (5EE) cycles were chosen for LETOs and 4 day (4DD) and 5 day double estrous (5EE) cycles were chosen for the OLETF females. To make statistical comparisons between LETO and OTLEF rats, the Fig. 4 . Plasma leptin (A), oxytocin (B), and glucose (C) levels of OLETF and LETO males and females on PND 22, 38, 48, 65, 90 (both sexes), and 120 (only females). Data are presented as means Ϯ SE. *P Ͻ 0.05 for the females; #P Ͻ 0.05 for the males (for strain differences at each age); a P Ͻ 0.05 for sex difference within the OLETF strain; n ϭ 4 -6 per group. Fig. 5 . OLETF and LETO females' estrous cycle structure (A). 4DD, 4-day cycle; 5DD, 5-day cycle with double diestrous; and 5EE, 5-day cycle with double estrous. Data are presented in percentages of total cycles examined. B: twenty-four-hour intake across the estrous cycle of LETO females; LETO females displayed an 8.9% decrease in food intake during the estrous phase compared with the proestrous phase of their cycle ($$P Ͻ 0.01). C: twenty-four-hour intake across the estrous cycle of OLETF females. Compared with LETO rats, OLETF females displayed a significantly smaller (4.4%) decrease in estrous vs. proestrous food intake (P Ͻ 0.05). ***P Ͻ 0.001 for strain differences. $$P Ͻ 0.01 within the LETO strain (significantly different from the proestrous phase). P Ͻ 0.01 within the OLETF strain (significantly different from the proestrous phase). Data are presented as means Ϯ SE; n ϭ 11 LETO, 17 OLETF. extra day (diestrous 2 or estrous 1) was excluded, and food intake was examined across the remaining 4 days. Strain differences in intake were much larger than between-cycle differences. Therefore, to compare the level of intake decrease in estrous vs. proestrous between the two strains, we calculated the percent decrease in each animal and then compared the strains, thus normalizing the effect of interest from absolute intake levels. As shown in Fig. 5B , LETO females displayed an 8.9% decrease in food intake during the estrous phase compared with the proestrous phase of their cycle (P Ͻ 0.01). In contrast, OLETF females displayed a significantly smaller (4.4%) but still significant decrease in estrous vs. proestrous food intake (P Ͻ 0.05; Fig. 5C ). Figure 6 shows images of in situ hybridization of NPY gene expression in the brain in LETO and OLETF rats from PND 7 to young adult at the age of 65 days. Data showed that the distribution of NPY gene expression in the brain areas was similar in both strains (Fig. 7) . Within the hypothalamus, NPY was primarily expressed in the ARC and the DMH over the 65-day postnatal period (Fig. 7, A and B) . The patterns of the development of NPY gene expression in the ARC and the DMH were similar in both strains. NPY gene expression was strongly detected on PND 7, reached a highest expression level on PND 15, and then gradually decreased from the peak and at the age of 65 days was back to levels similar to those on PND 7 (Figs.  6 and 7, A and B) . Within the ARC, NPY gene expression was exclusively localized to the medial part. The two-way ANOVA demonstrated a significant effect of age [F(4,56) ϭ 9.05, P Ͻ 0.001], but there was no significant effect of strain and no significant interaction between strain and age (Fig. 7A) , indicating that there was no primary deficit in ARC NPY gene expression in OLETF rats. Within the DMH, NPY gene expression was primarily expressed in the compact subregion over the 65-day postnatal period in both strains (Fig. 7B) . In addition, NPY gene expression was highly detected in the dorsal part of the DMH on PND 15 and 22 of OLETF rats (Fig.  6, G and H) (Fig. 7B) , implicating an alteration in NPY gene expression in the DMH of OLETF rats. Post hoc comparisons revealed significant elevations of NPY gene expression in the DMH of OLETF rats on PND 15 and 22 compared with LETO rats (Fig.  7B) . The developmental pattern of POMC gene expression in the ARC is different from that of ARC NPY. Levels of POMC gene expression were low on PND 7, and its expression levels were gradually increased during the development and reached a high level at PND 38 (Fig. 7C) (Fig. 7C) . Post hoc comparisons further determined that ARC POMC gene expression was significantly lower in OLETF vs. LETO on PND 7, did not differ on PND 15, and was significantly higher in OLETF vs. LETO on PND 22, 38, and 65 (Fig. 7C) . CRF gene expression in the PVN was not affected in OLETF rats relative to LETO control during development. Although there was a main significant effect of age on CRF gene expression in the PVN [F(4,34) ϭ 8.22, P Ͻ 0.001], there were no significant effects of strain or interaction between age and strain (Fig. 7D) . Overall, on PND 7 and 15, CRF gene expression in the PVN was significantly lower than on later PNDs. CRF was slightly reduced in OLETF rats compared with LETO on PND 22, but this reduction did not reach a statistical significance (P Ͻ 0.1) (Fig. 7D) .
Hypothalamic Gene Expression
DISCUSSION
Most of the research performed on models of obesity has focused on adult males. This is also the case for the OLETF obesity model, in which only few reports can be found on the pups and the females. In the present study, we characterized the development of obesity in the postweaning period in male and female OLETF rats and identified specific physiological and molecular features that, together with the previous behavioral findings, suggest that obesity develops early in life in the OLETF strain in both sexes.
We have previously demonstrated that OLETF males and females are born heavier and present more white fat soon after birth (46) . The developmental follow-up conducted here has exposed an abrupt change during and after the period of sexual maturation (PND 90 in the males and PND 120 in the females), especially in the males, where body weight, fats, and adipocyte area sharply increased.
In another rat model of early-onset obesity, early overfeeding of the pups during the suckling period produced a model of hyperplastic obesity that persisted over time (15, 28) . In one of those studies, a general pattern of increased cell size in males and increased cell number in females emerged as being the important determinants responsible for the differences in fat depot sizes in the obese group in the long term (15) . According to a more recent study by Herrera and Amusquivar (25) , the phase of higher hyperplasia in rats occurs between birth and PND 40 and from that time onward, cell number remains more or less constant. From PND 40 until PND 80, adipocyte hypertrophy is the main process responsible for the growth of the fat pads (25) . In the present study, the analysis of the obesity-related turning points revealed a similar pattern of fat Body mass index (BMI) and waist circumference (WC) of Otsuka LongEvans Tokushima Fatty (OLETF) and Long Evans Tokushima Otsuka (LETO) males and females on postnatal day (PND) 22, 90 (both sexes), and 120 (only females). M, males; F, females. Data are presented in means Ϯ SE. *Significantly different from opposite strain in the females. †Significantly different from opposite strain in the males. ‡Significantly different from opposite sex in OLETF rats. §Significantly different from opposite sex in LETO rats. All significant differences derived from post hoc Duncan's multiple range tests, P Ͻ 0.05; n ϭ 7-12 per group. cell hyperplasia as the one just mentioned, especially in the females. We have recently reported that females present a significantly higher level of adipocyte cell increase in the preweaning period, compared with the males (46) . Here, the first weeks postweaning appeared to be a continuation of this pattern, with females presenting more fat cells than males until PND 48; from then on, the cell number in the females remained constant. The pattern of increase in the males was significantly different: While there was no significant increase in cell number during the preweaning period (46), the hyperplasic period started at weaning and lasted about 2 wk longer than in the females. From PND 65 onward, the hyperplasic phase in the males ended, and fat cell number remained constant. Altogether, the pattern of cell number development appeared to be linked to sex rather than strain differences, showing that the females have an earlier onset and earlier endpoint than the males, but the length of the window was about the same, and while the trajectory was different, both sexes reached similar cell numbers at the end of the process.
The similarity between the patterns of increase in inguinal fat pads and fat cell size, together with the lack of significant cell number differences between the strains, suggests that the increase in adipocyte size may be the main reason for the enlargement of the fat depots observed from PND 48 onward in the males and PND 90 onward in the females. Pathogenic adipose tissue is associated with many of the common metabolic diseases, like type II diabetes, hypertension, and dyslipidemia. If adipogenesis is impaired during positive caloric balance, then existing adipocytes must undergo hypertrophy to store the excessive energy. It has been suggested that adipocyte hypertrophy may result as a failure of adipocytes to adequately proliferate (5) . During times of positive caloric balance, if energy is stored mainly through lipogenesis and fat cell hypertrophy of existing adipocytes, as opposed to adipogenesis with recruitment and differentiation of new fat cells and fat cell hyperplasia, then this may lead to pathogenic adipose tissue responses that contribute to metabolic disease (4, 5) . Presumably, a longer follow-up of these animals might reveal a further hyperplastic phase later in life, a feature also observed in other hyperphagia-induced obesity models such as the Zucker rat (33) .
We included in the present study a developmental analysis of plasma oxytocin levels, in following with our recent findings that oxytocin levels varied dramatically over reproductive stages in OLETF but not in LETO female rats, and that in the OLETF rats, fat pads, plasma leptin and oxytocin levels were closely correlated over reproductive stages (57) . Oxytocin neurons in the PVN have been suggested to play a vital role in coordinating feeding termination (11, 40, 41, 52) by acting as targets for factors that induce anorexigenic behavior such as CCK (42) and leptin (23, 51) . Central and peripheral concen- trations of oxytocin are closely related and are elevated in pathological states of energy balance such as obesity (49) . Serum oxytocin in humans is approximately fourfold higher in obese compared with control subjects (49) and is significantly elevated in a rodent model of diet-induced obesity (39) . Our results appear to be similar to the studies previously performed on obese subjects, since beyond adolescence, the levels of oxytocin in both sexes and strains were overall low in controls and high in adult OLETF rats. Although the mechanisms through which oxytocin exerts its effects on energy balance are still unclear, the present findings imply a further disruption in other systems related to CCK that become dysregulated in the OLETF strain, with the development of obesity and may further contribute to their overall obese phenotype.
One of the main goals of this study was to try and find sensitive time points for future interventions. Despite the OLETF's preobese phenotype from birth, obesity per se appears to develop at different points in the two sexes. For males, the period between weaning and PND 48 appears to be a developmental time in which major changes take place, and the genetic tendency and preobese phenotype transition to explicit obesity. For the females, the identification of a critical transition point is less evident. Their gradual weight/fat gain makes the identification of a specific turning point complicated. Still, sexual maturation precedes the explicit obesity observed from PND 65-120, and while the transitory "normalization" observed on PND 38 appears less dramatic than in the males, it might still be a sensitive point for the females too. It may be the case that interventions during that period of time may help normalize OLETF's otherwise "abnormal" (compared to LETO controls) estrous cycle, which might have some relation to the OLETF females' well-known fertility problems (46, 53) .
Analyses of the development of hypothalamic peptide signaling revealed age-and strain-related effects for multiple peptides. Consistent with prior data suggesting a role for DMH NPY in the etiology of the hyperphagia and obesity in the OLETF rat, DMH NPY levels were significantly elevated in OLETF relative to LETO pups beginning on PND 15 and remaining significantly elevated on PND 23. Although expression levels were significantly elevated on PND 38 relative to those on PND 65, these did not differ from those on LETO rats. These data are somewhat consistent with prior work demonstrating significant elevation in OLETF rats postweaning and in response to pair feeding as adults (7) . Further support of a role for elevated DMH NPY expression in the hyperphagia and obesity of OLETF rats derives from recent data demonstrating decreases in food intake in body weight in response to AAV-RNAi-mediated knockdown of DMH NPY expression in OLETF rats (56) .
Within the arcuate nucleus, the major effects on NPY expression are age related with increased expression in the LETO rats on days 7, 15, and 22 and on days 15 and 22 in the OLETF rats. In contrast, levels of POMC expression are relatively diminished at early ages in both LETO and OLETF rats. With increasing body weight around the time of weaning and postweaning, arcuate POMC expression is significantly elevated in the OLETF rat. This is consistent with what has been seen in adult OLETF rats and may best be viewed as a compensatory response to the increased adiposity and leptin levels in these rats (7) . The persistent increase in POMC mRNA (PND 38 -65) in OLETF rats may suggest that they are producing more ␣-MSH to try to defend a "normal" body weight but have become "insensitive" to melanocortin agonism. Alternatively, transcription levels of ␣-MSH peptide may have changed despite the increase in POMC precursor.
Levels of PVN CRF expression tended to be diminished in the OLETF rats at early developmental time points (PND 15 and 22). These reductions in expression of an anorexigenic peptide may facilitate the increased food intake and weight gain at these developmental time points.
At the time of weaning, OLETF males and females present preobese characteristics, such as high BW, fat mass, adipocyte size, BMI, and WC. Interestingly, besides the significant strain differences in BW at PND 38, the other differences observed between the strains at all other ages were absent at this preadolescent age. Similarly, another study found significant differences in BW between the strains on postnatal week 5 (38) . However, others reported a lack of phenotypic differences at this age in males (8, 9, 36) . Thus, at this age, strain differences seem to be minimal and elusive.
Even though we have previously reported clear OLETF-LETO differences as early as PND 1, it was of special interest to examine the underlying physiology of the unique postweaning, prepubertal period. We found significant differences in body weight as we previously reported (47); however, we now discovered that body fat percentage on PND 38 did not differ between the strains or the sexes. The analysis of feeding efficiency revealed a possible partial explanation for this: on PND 30 -35, LETO males and females showed a different pattern of feeding efficiency from the OLETF rats, showing a more efficient utilization of the food consumed, which might account for a slight and temporary increase in body weight and fat mass. This increased efficiency was not evident in the OLETF strain, where a transitory lack of increase in body fat and adipocyte area was observed. We can only speculate about the reason for this outcome. Probably this transitory change in the physiology of the rats is related to the overall changes taking place at the time of puberty. Moreover, the results of hypothalamic DMH NPY and Arc POMC expression show a sharp decrease in NPY mRNA and a sharp increase in mRNA POMC in OLETF males at this age, further suggesting that critical changes in intake regulation take place around this time point. Taken together, these transitory BW and fat increases in the LETO strain, together with the relatively high variance and lack of increase in body fat observed in the OLETFs resulted in the lack of the significant differences observed on PND 38. However, on PND 40, a sharp increase in feeding efficiency was detected in the OLETF males, which is probably the reason why the next time-point (PND 48) showed renewed significant differences in body fat between the strains. From that point onward, although sharing the same feeding efficiency profile, OLETF males embarked into an evident trajectory toward obesity, as a direct consequence of their hyperphagia. On PND 65 and even more so on PND 90, OLETF males presented obese characteristics accompanied by very large adipocytes and hyperleptinemia.
In contrast to the males, whose feeding efficiency between the strains changed back and forth throughout development, the females of both strains presented almost equal curves of feeding efficiency (besides the PND 30 -35 period), and the OLETF females' obesity development seemed more moderate and gradual than that of the males, with no explicit turning points until the time of sexual maturation. LETO females presented no significant changes or turning points during the whole period examined (in contrast to LETO males), further exposing the different developmental patterns males and females undergo over time. Although it is true that beyond the lack of difference on PND 38, OLETF females presented overall higher scores than LETO in all of the obesity parameters examined, their profile of obesity development appeared to be different from that of the males, suggesting that future treatments should use different approaches with male and female subjects.
The intake data presented in this paper closely resemble a previous report (30) . We note that despite all of the mentioned turning points observed in the obesity parameters, intake in both sexes hardly increased from around PND 40 onward. Despite the fact that intake in the OLETF strain was about 30 -40% higher than LETO controls, no significant caloric increase was found during and after the reported obesity turning points. Thus, one possible explanation might be related to changes in nutrient partitioning; hence, as the rapid growth phase comes to an end, energy becomes more likely to be converted into fat stores than into other tissues. Still, this last statement seems less true for the females, which show relatively late turning points, further implying that deep changes in energy balance take place around the time points discussed that turn their chronic hyperphagia and overweight almost suddenly (especially in the males) into obesity. Another, unstudied possibility is the potential differential loss of calories in feces.
The patterns of estrous cycles of OLETF rats differed from those of LETO controls, with OLETF rats showing, on the average, shorter cycles. Furthermore, OLETF females achieved sexual maturity, as represented by the age of the first estrous and the appearance of the regular cycles, earlier than LETO controls. A previous report from Japan reported OLETF-LETO differences in cycle length, but there the OLETF had longer cycles than controls (53) . It is possible that this between-colony difference may be explained by different amounts of phytoestrogens in the "standard" animal diets (13, 43) .
Adult females (rats, mice, and women) eat less during the periovulatory part of the ovarian cycle (estrous in rats) than other phases. This effect is under the control of cyclic changes in estradiol secretion (2) . Accordingly, control LETO rats showed lower intake levels in estrous vs. proestrous in the current research. Studies that manipulated exogenous and endogenous CCK and estradiol produced converging evidence that the activity of the CCK satiation-signaling pathway is increased by estradiol, and this accounts for the decrease in food intake during estrous (19) . Of particular relevance, administration of a selective CCK 1 receptor antagonist, devazepide, increased spontaneous food intake during estrus, but not during diestrous (17) . We now report that OLETF rats had a significantly attenuated (by ϳ50%) estrous-related decrease in feeding compared with LETO controls, a pattern of results resembling the effect of devazepide during estrous in other animals. This finding, given the functional absence of CCK 1 receptors in this strain, provides further support for the role of CCK in estrous-induced intake reduction.
Much work has been performed on the organization of central and peripheral mechanisms involved in energy balance during development and also on the effectiveness of early interventions in resetting genetic predispositions toward obesity. All of these suggest that specific changes take place during the postpartum and postweaning period that can be altered because the mechanisms are still developing. We intended to detect those changes by using the turning point strategy. Although by no means do we claim that changes take place at the specific time points we examined, this classification helped us identify time windows in which changes take place and will allow for further examination of the underlying mechanisms mediating the worsening of the obesity-prone phenotype.
Perspectives and Significance
OLETF rats present preobese characteristics during development and develop obesity as a consequence of long-term hyperphagia. Their BMI, WC, percentage of white fat, adipocyte size, and leptin levels are significantly higher than controls from childhood in both sexes and this, together with previous findings on behavioral abnormalities (regarding intake), further establish them as a model of early onset obesity. Ontogenetic patterns of expression of DMH NPY and ARC POMC described suggest that they may play a mediating role in the developing hyperphagia and obesity of OLETF rats. Moreover, a different trajectory toward obesity has been identified between the sexes in the OLETF strain, showing that OLETF females develop obesity in a more gradual manner than the males. Although care should be taken when extrapolating conclusions derived from animal studies to the human condition, the differing pattern of obesity development found in males and females in the present study suggests that the use of sex-specific approaches may be of key importance to make future therapeutic interventions more successful in the treatment and prevention of chronic-early-onset obesity.
